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 An in vitro protocol for mammalian systems is appropriate to marine 
invertebrates 
 Carboxylesterase substrates adequacy differs between human and 
invertebrates 





Carboxylesterases (CEs) are key enzymes which catalyse the hydrolysis reactions of 
multiple xenobiotics and endogenous ester moieties. Given their growing interest in the 
context of marine pollution and biomonitoring, this study focused on the in vitro 











care products and plastic additives to assess their potential interaction on this enzymatic 
system and its suitability as biomarkers. Three bivalves, one gastropod and two 
crustaceans were used and CEs were quantified following current protocols set for 
mammalian models. Four substrates were screened for CEs determination and to test 
their adequacy in the hepatic fraction measures of the selected invertebrates. Two 
commercial recombinant human isoforms (hCE1 and hCE2) were also included for 
methodological validation. Among the invertebrates, mussels were revealed as the most 
sensitive to xenobiotic exposures while gastropods were the least as well as with 
particular substrate-specific preferences. Among chemicals of environmental concern, 
the plastic additive tetrabromobisphenol A displayed the highest CE-inhibitory capacity 
in all species. Since plastic additives easily breakdown from the polymer and may 
accumulate and metabolise in marine biota, their interaction with the CE key 
metabolic/detoxification processes may have consequences in invertebrate’s physiology, 
affect bioaccumulation and therefore trophic web transfer and, ultimately, human health 
as shellfish consumers. 
 
Keywords: carboxylesterases, plastic additives, in vitro inhibition, bivalves, gastropods, 
crustacean. 
1. Introduction 
Marine ecosystems are the final sink for many land-based chemicals and this 
raises concerns on the toxicological consequences that man-made compounds may 
impose on aquatic wildlife and aquaculture species (Nilsen et al., 2019; Tornero and 
Hanke, 2016). In addition to the long list of classical chemical pollutants, there is a 











introduced into aquatic systems. Despite removal efforts of waste-water plants, 
technological limitations, accidental discharges and the high concentration and 
recalcitrant properties of some of these chemicals, make these substances reach marine 
systems (Sanchez-Avila et al., 2009). Among the latter, pharmaceuticals and personal 
care products (PPCPs) stand out, as they are increasingly used in a growing and aging 
population worldwide (Fent et al., 2006; Gaw et al., 2014). Consequently, there is 
increasing concern over the toxicological implications of PPCP exposures in aquatic 
species (Corcoran et al., 2010; Dussault et al., 2008; Fabbri and Franzellitti, 2016), 
including some particular drugs such as statins or lipid regulators (Santos et al., 2016). 
Plastics, and more particularly the additives included in their manufacturing process to 
improve some of their properties, are another group of chemicals of increasing 
environmental concern (Avio et al., 2017; Hermabessiere et al., 2017). Among them, 
brominated flame retardants (BFRs) had largely been used worldwide as plastic 
additives and reported to persist in aquatic environments (de Wit, 2002). Due to their 
widespread use and lipophilic nature, they are ubiquitously present in sewage sludge 
and even in marine sea-food in Europe (Aznar-Alemany et al., 2017; Gorga et al., 
2013). Among them, tetrabromobisphenol A (TBBPA) and other bisphenol A 
derivatives can pose a threat to aquatic fauna because of its endocrine disrupting 
character and oxidative stress condition (Abdallah, 2016; Liu et al., 2018; Perez-
Albadalejo et al 2020). Organophosphorus-based flame retardants such as Tris(1-
chloropropan-2-yl) phosphate (TCP) and triphenyl phosphate (TPP) have been 
introduced in the market to replace BFRs, as they have been reported to be less toxic 
(van der Veen and de Boer, 2012). However, there is recent evidence of their 
occurrence in high trophic level marine fauna, being able to cross the blood-brain 











plasticizers are phthalates, namely dimethyl phthalate (DMP), diethyl phthalate (DEP), 
di-isobutyl phthalate (DiBP), di-n-butyl phthalate (DnBP), benzylbutyl phthalate 
(BzBP) and di(2-ethylhexyl) phthalate (DEHP). These compounds have been detected 
in Mediterranean waters (Paluselli et al., 2018) and are known to be accumulated by 
zooplankton, posing a critical problem given their link position between primary 
producers and the upper levels of the marine trophic web (Schmidt et al., 2018). Recent 
evidences in marine shellfish species, including wild and farmed mussels confirm that  
plasticizers bioaccumulate in animal tissues: TCPP and phthalates may be found at 
about 20 ng/g d.w. and may reach up to 600 ng/g d.w. in the case of the more lipophilic 
DEHP (Castro-Jimenez and Rahola, 2020). Other plastic additives such as TCS, and 
more importantly its metabolite  methyl-TCS, are also of concern due to their higher 
bioaccumulation potential in shellfish (Azzouz et al., 2019). Flame retardants, including 
TBBPA, as well as their metabolites have also been reported to bioccumulate in benthic 
and pelagic biota of the marine web (Choo et al., 2019). 
Carboxylesterases (CEs) are members of the superfamily of α/β hydrolases 
involved in hydrolysis of endogenous compounds and detoxification of many chemicals 
of the ester, amide, thioester bonds and carbamates (Sogorb and Vilanova, 2002; Satoh 
and Hosokawa, 2006; Wheelock et al., 2008). In humans, two CE isoforms have been 
described to display a particular organ distribution and substrate preference: hCE1, 
mainly located in the liver and preferring substrates with a small alcohol or amine group 
and a large acyl moiety; and hCE2, located in intestine and extra-hepatic organs and 
showing preference for substrates with a large alcohol or amine and a small acyl moiety 
(Fukami and Yokoi, 2012; Hosokawa, 2008; Laizure et al., 2013). A large number of in 
vitro inhibition studies of this family of enzymes have been carried out and have been 











development in pharmacology (Fukami et al., 2010; Imai et al., 2006; Takahashi et al., 
2009; Xu et al., 2013). An adaptation of the former in vitro approach, currently used in 
mammalian systems, was here applied to reveal the potential interaction of drugs of 
environmental concern in hepatic CEs. In vitro experimentation has a number of 
limitations, including the fact that they use higher concentrations than those considered 
as environmentally realistic. Furthermore, they may not reflect the cell compartment 
interactions given that analyses are carried out under the lack of the metabolic and 
homeostasis processes which take place in vivo. Nevertheless, this approach was here 
adopted to conduct a first screening of a proxy of the potential interactions occurring in-
vivo, and aiming to set the bases for further environmental studies. A selection was 
made of representative marine invertebrates of three phyla that constitute a large 
proportion of Mediterranean shellfish. Recent studies on marine bivalves have 
demonstrated the in vivo ability of CEs to metabolise drugs such as the retroviral 
Tamiflu(Dallares et al., 2019) and to respond to the presence of pesticides in the 
environment (Dallares et al., 2018). The CEs in vitro sensitivity to pesticides, 
pharmaceutical drugs and plastic additives has also been reported in a large number of 
aquatic species (Nos et al., 2020; Ribalta et al., 2015; Sole and Sanchez-Hernandez, 
2015; Sole and Sanchez-Hernandez, 2018). Gastropods CEs have also been revealed to 
be sensitive to pesticides but studies are largely based on freshwater species (Bianco et 
al., 2014; Laguerre et al., 2009; Otero and Kristoff, 2016). Marine gastropods such as 
Bolinus brandaris are considered as good sentinels of endocrine disrupting chemical 
pollution (e.g. organotin compounds, inducing imposex), a long-lasting concern in the 
Mediterranean (Anastasiou et al., 2016; Sole et al., 1998). CEs in marine crustaceans 
have also been targeted as biomarkers of chemical exposure (Anto et al., 2009; Sole et 











metabolised by a particular type of CE. Since this hormone is involved in key 
physiological events, including moulting, metamorphosis and reproduction (Homola 
and Chang, 1997; Lee et al., 2011), any interactions of xenobiotics on CE hydrolytic 
activity are of physiological concern.  
 The aim of this study was to apply an in vitro approach, currently used in 
mammalian studies, to reveal interactions of toxic chemicals of environmental concern 
on hepatic CEs of selected marine shellfish invertebrates. For that, commercial 
recombinant human CEs were included in the in vitro exposures to validate the 
methodological approach. The selected species are representative elements of the 
marine food chain with a significant commercial interest NW Mediterranean region. 
Any drug interactions with CE activities which may affect shellfish physiological 
performance, drug metabolism capacity and bioaccumulation to ultimately infer on the 
consequences to wildlife and humans as shellfish consumers. 
 
2. Material and methods 
2.1. Sample collection 
 The present study considered three bivalves (the mussel Mytilus 
galloprovincialis, the cockle Cerastoderma edule and the razor shell Solen marginatus), 
the muricid gastropod Bolinus brandaris, the portunid crab Macropipus tuberculatus 
and the pandalid shrimp Plesionika martia. Representatives of all these species were 
collected in July 2019 from traditional fishing grounds of the NW Mediterranean 
(Spain) and immediately transported in cold conditions to the laboratory where they 
were dissected. For each of the selected species, the digestive glands of the 10 











specimens were used (pool of 2 digestive glands per sample) due to their smaller size. 
The selected organisms were, within each group, adults of similar size and in a same 
physiological stage of maturation (Table 1). Biometrics are reported as mean shell 
length (SL), length without siphonal canal (LWS) and carapace length (CL), for 
bivalves, gastropods and crustaceans, respectively. LWS was chosen for the gastropod 
instead of total length because it is more realistic due to the long and narrow siphonal 
canal frequently breaking due to manipulation. CL was measured between the posterior 
edge of the carapace and the right frontal notch. In all cases, animals were quickly 
transported to the laboratory under ice-block cooling conditions and immediately 
dissected before their use in the experimental procedures following CSIC protocols as 
described further below. 
 
2.2. Sample processing. 
 Upon arrival from the fishing grounds, digestive glands/ hepatopancreas of the 
selected invertebrates were dissected by placing the animals under ice-cold conditions 
to minimize pain infliction. Dissected tissues were immediately frozen in liquid 
nitrogen and individually stored at -80ºC until analysis. Each sample was homogenized 
at a 1:5 (w:v) ratio with a phosphate buffer (100 mM, pH 7.4) containing 150 mM KCl, 
1 mM ethylenediaminetetraacetic acid (EDTA), and 1mM dithiothreitol (DTT). The 
post-mitochondrial S9 fractions, used to conduct the biochemical analysis, were 
obtained from each homogenate after 30 min centrifugation at 10,000g and 4ºC. Two 
aliquots were made to perform baseline CE activity determinations and CE inhibition 












2.3. Biochemical determinations 
 Baseline CE activities were measured in a first S9 fraction aliquot of the 
digestive glands/hepatopancreas of the all invertebrate species (n=10 per species) using 
4 different substrates: p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate (pNPB), α-
naphthyl acetate (αNA) and α-naphthyl butyrate (αNB). Substrate concentration was 1 
mM and 0.25 mM for nitrophenyl and naphthyl esters, respectively. Sample volume was 
in all cases 25 µL. However, the sample dilution was adjusted for each species and 
substrate to ensure linearity of the data within the 5-min timeframe of the 
spectrophotometric measures. The formation of p-nitrophenol (pNPA and pNPB) was 
recorded at 405 nm as described in Hosokawa and Satoh (2005), while naphthol (αNA 
and αNB) was measured at 235 nm according to the Mastropaolo and Yourno (1981) 
method. Assay dilutions for hCE1 and hCE2 for each particular substrate have been 
recently described in Solé et al., (2020). Specific multi-well plates were used for assays 
using the visible (Nunc) or the ultraviolet (Grenier) wavelength ranges. 
 In vitro CE inhibition tests were conducted in the second S9 fraction subsample 
(n=6 for each species). Each conveniently diluted sample was incubated at room 
temperature with either buffer (control), carrier (ethanol) and with one of the chemicals 
(pesticides, PPCPs and plastic additives) listed in Table 2. Since the selected chemicals 
display varied properties of solubility and lipophilia (log Kow) as indicated in Fig. 1, a 
compromise of a single concentration of 10-4 M was adopted as currently followed in 
protocols based on mammalian models (Fukami et al,.2010; Shimizu et al., 2014). 
Nonetheless, a range of six concentrations of TBBPA (from 10-4 to 10-9M in well) was 
tested on pNPB-CE1 activity which revealed the inhibition was dose dependent 
following a polynomic second degree curve (R2=0.9662). The fact that the carrier at its 











as well as elsewhere (Solé and Sanchez-Hernandez, 2018). The use of up to 1.5% of 
organic solvent in the reaction mixture revealed no interferes with CE measures either 
(Shimizu et al., 2014). After an incubation period of 15 min, residual CE activity was 
measured as described above using the four selected substrates and the resulting 
inhibitory action was defined as the residual CE activity with respect to the controls 
(100%). For comparative and methodological validation purposes and to infer if a 
particular CE isoform may be preferentially inhibited, purified human recombinant 
enzymes from Sigma-Aldrich (hCE1,ref. E0162and hCE2,ref. E0412) were also 
included in the analyses using the 4 selected substrates. More detail on the CE inhibition 
test and purified protein CE dilutions is described elsewhere (Solé and Sanchez-
Hernandez, 2018; Solé et al., 2020). 
Total protein content of the samples, to which enzymatic baseline CE activities 
were referred, was determined using the Bradford method (Bradford, 1976) adapted to 
microplate readings. The Bradford Bio-Rad Protein Assay reagent was used with bovine 
serum albumin (BSA; 0.05-1 mg/mL) as standard and absorbance was read at 595 nm.  
 All CE baseline and in vitro inhibition measures were carried out in triplicates 
and at 25ºC in a TECAN Infinite 200 microplate reader. Only linear reactions were 
considered and these were registered using the kinetic assays mode of Magellan V6.0 
data analysis software. 
 
2.4. Statistics 
Baseline CE activities are presented as means  standard error of mean (SEM). 











carried out in each species with the four commercial substrates and, for each substrate 
among species. The Wilcoxon Signed Ranked test was then applied as post-hoc to 
reveal group differences. Intraspecific correlation between baseline CE activities (n=10 
for each invertebrate species) was made using Pearson’s correlation coefficient after 
confirming  that the normality and homoscedasticity assumptions were met (Shapiro–
Wilk and Levene tests, respectively). For in vitro inhibition tests, the non-parametric 
Mann-Whitney test was used to contrast the data between each residual CE activity after 
incubations with the chemical of concern with respect to their controls (n=6). For each 
invertebrate species, Pearson’s correlation coefficients between residual CE activities 
using the 4 substrates were also calculated after the inhibition with the 12 selected 
chemicals as a proxy of the overlapping substrate specificity on the chemical action 
over CEs. Statistical analyses were carried out using SPSS System Software v19 and the 
significance level for data analyses was set at 0.05.   
 
3. Results and discussion 
 3.1 Substrate preference and baseline CE activities in selected marine invertebrates 
In Table 1 CE baseline activities in the hepatic organ are detailed for the six 
marine invertebrate species and substrates assayed. Regarding the bivalves, CE 
substrate preference (i.e. measures displaying higher hydrolysis rates) in the mussel and 
the cockle followed a similar, and statistically significant, trend: 
pNPA<pNPB<αNA<αNB (mussels: χ2(2) = 26.040, p < 0.001; cockles: χ2(2) = 
26.760, p < 0.001). For razor shell (S. marginatus), however, hydrolysis rates with αNA 
were the highest (χ2(2) = 23.880, p < 0.001), and was also the bivalve with the highest 











The gastropod B. brandaris did not show a clear substrate preference, although αNA-
CE was significantly lower than the rest (χ2(2) = 10.200, p = 0.017), and the hydrolysis 
rates were closer to those seen in mussels. In this case, terrestrial and freshwater snails 
are the closest phylogenetic source of comparison described in the literature, with works 
reporting a substrate preference for the naphthyl form. This is the case of Planorbarius 
corneus (for which 3 out of the 4 substrates tested were used in the present study) 
(Otero and Kristoff, 2016), or the garden snail Xeropicta derbentina (2 substrates 
common to those considered here) (Laguerre et al., 2009). In the studies with freshwater 
snails Chilina gibbosa (Bianco et al., 2013) and P. corneus (Rivadeneira et al., 2013) 
pNPB substrate was preferred over pNPA but the opposite trend was seen with 
Biomphalria straminea (Bianco et al., 2014). However, for the latter, a higher in vivo 
sensitivity to OP exposures when using pNPB in CE measures was observed (Bianco et 
al., 2014), which supports the choice of this substrate. In the present study, the 
crustaceans studied showed the highest baseline CE activities of all contrasted 
invertebrates (pNPA: χ2(2) = 39.714, p < 0.001; pNPB: χ2(2) = 39.600, p < 0.001; αNA: 
χ2(2) = 45.029, p < 0.001; αNB: χ2(2) = 34.571, p < 0.001). However, in terms of 
substrate preference, the highest hydrolysis rates were reached in M. tuberculatus with 
pNPB (χ2(2) = 27.000, p < 0.001) while in P. martia with αNA (χ2(2) = 19.560, p < 
0.001). Moreover, activities in the latter species were from 1.6 up to 4.6 times higher 
depending on the substrate (Table 1). No other contrasts were possible with other 
marine crustaceans as formerly reported CE measures in this group were made using S-
phenyl thioacetate, a substrate that also includes A-esterases (Wheelock et al., 2008).  
 












The selection of BNPP and eserine was made given they are specific CE and 
esterase inhibitors, respectively. The choice of PPCPs and plastic additives (Table 2) 
was based on: i) their already reported capacity to interfere with specific mammalian 
CEs (references within Table 2) ii) their described CE modulation in marine species 
(Ribalta et al., 2015; Solé and Sanchez-Hernandez, 2015; 2018) and; iii) their 
environmental occurrence and bioaccumulation potential (log Kow > 3). 
The inhibitory action of the selected chemicals was contrasted using 4 
commercial substrates (pNPA, pNPB, αNA and αNB) with two recombinant CE 
enzymes (hCE1 and hCE2) to: i) identify the most sensitive substrate in the measures 
and, ii) to confirm the reported specificity over the 2 isoforms revealed in former studies 
(as indicated in Table 2) and thus validate our approach. Out of the four substrates 
assayed for in vitro CE modulation, only the results corresponding to the measures with 
pNPA and pNPB substrates are represented (Fig. 2A and B) given that these measures 
are the most frequently reported in the literature. They also displayed linearity, lower 
variability and, in general, a higher in vitro CE responsiveness to most chemicals. 
However, the totality of results on the 4 substrates assayed in human (but also in 
invertebrates) are provided as supplementary material (Table S1). Data are represented 
as percentage of residual CE activity in hCE1 and hCE2 independent samples after 15 
min incubation with the corresponding chemicals. 
The inhibitory action of BNPP (specific for CE) and eserine (broader esterase 
inhibitor) on recombinant human CEs was here confirmed. The use of pNPA and pNPB 
substrates showed that BNPP equally inhibited both recombinant hCE1 and hCE2 
isoforms (92-98%) while eserine acted mainly over hCE2 (88 and 95% inhibition with 
pNPA and pNPB, respectively). The use of naphthyl derivate substrates (supplementary 











hCE1 and hCE2 using either αNA or αNB (96-98% inhibition). With the naphthyl 
substrates, eserine also acted mainly on hCE2 (inhibition >90%). The lipid regulators 
simvastatin and fenofibrate were selected to identify isoforms as they are described to 
act, in mammalian systems, preferentially on hCE1 and hCE2, respectively (Fukami et 
al., 2010; Shimizu et al., 2014). Under the present in vitro conditions, these former 
observations were also confirmed except when using αNB as substrate (Table S1). 
Loperamide was the choice to discriminate hCE2 (Quinney et al., 2005) and here 
confirmed when using pNPA (85% inhibition). The antimicrobial agent triclosan 
(TCS), used also as plastic additive, has been described as a potent CE inhibitor in 
mammals (Morisseau et al., 2009) and in the present study a significant inhibition of 
hCE1 (91%) and hCE2 (87%) was registered when using pNPA, to a lesser extend with 
pNPB (Fig 2A & 1B) but also with αNA (>50%) but not αNB (Table S1). Plastic 
additives are of increasing environmental concern due to their widespread use, 
environmental presence and potential interaction on human CEs. Among them, the 
flame retardant TBBPA was revealed as a potent inhibitor of hCE1 (86%) mainly when 
using pNPA as also seen in several marine organisms (Nos et al., 2020). An inhibitory 
action in human liver microsomes was also revealed by Zhu et al (2017) due to TBBPA 
and other BPA-analogues using fluorescein diacetate as specific hCE2 substrate. The 
organophosphorus flame retardant TCPP, acted mainly over hCE2 (42% inhibition) and 
pNPA was seen as the most adequate for recombinant human CE measures. TPP, a 
related organophosphorus flame retardant, was also responsible for hCE1 and hCE2 
inhibition in a nuclear receptor–based bioassay at the ≈50 nM range (Morisseau et al., 
2009). Phthalates such as DMP inhibited hCE1 by 50% while diBP inhibited more 
specifically hCE2 (54%) being, once more, pNPA the most adequate substrate (Fig 2A 











recombinant CE form. Contrarily, their inclusion yielded a slight increase in activity 
(≈10%) with respect to controls. This could be explained by their binding to the 
allosteric site of the enzyme that would cause a conformation change as reported for 
some BPA analogues (Zhu, 2017). Moreover, di-phthalates are metabolised to their 
mono-derivatives by the hydrolytic action of CEs in mammalian systems (Ozaki et al., 
2017), and some of these metabolites possess higher endocrine disruption potential 
(Chauvigne et al., 2011) and cause severer oxidative stress conditions (Pérez-Albadalejo 
et al., 2020) than the parent compounds. 
The correlation coefficient between the percentages of residual CE activities 
after in vitro independent incubations with the 12 chemicals was assayed with the 4 
selected substrates as a proxy of the similitudes on the drug action over 4 potential 
isoforms (Table S2). When considering the same recombinant isoform independently 
(hCE1 or hCE2), a positive and similar response was reached using the 4 substrates 
(r>0.9), suggesting a high degree of overlapping substrate specificity. But this 
correlation was non-significant or markedly lower when using αNB as substrate (r>0.7). 
When comparing the responses to these 12 chemicals using the 4 substrates but 
contrasting to the two isoforms (hCE1 and hCE2), as expected, the correlations were low 
(r<0.5) and not significant, except when considering αNB (r>0.6; p<0.05). Altogether, 
these results confirm an action of the drugs over each isoform (hCE1 and hCE2) and the 
adequacy of pNPA in human recombinant CE measures. This, furthermore, encourages 
the application of this methodological approach to screen the action of the targeted 












3.3. In vitro inhibition of invertebrate CEs to pesticides, pharmaceuticals and plastic 
additives. 
In contrast to recombinant human CE responses, there was an apparent lack of in 
vitro sensitivity of invertebrate CEs to the pesticides, PPCPs and plastic additives.  This 
could be explained by the presence of several proteins in the S9 fraction as justified by 
Shimizu et al. (2014) when contrasting liver microsomal fractions and purified proteins. 
Nevertheless, the inhibitory action of the model CE inhibitor BNPP (100 µM) allowed 
to confirm its high variable- and substrate- dependant CE contribution (i.e. higher 
inhibition) in the S9 fraction of marine invertebrates (Fig. 3). Of the 4 assayed 
substrates, pNPB proved to be, on average, the most adequate for invertebrates, while 
pNPA resembled the most adequate for human isoforms as indicated before. CE 
contribution, revealed after BNPP incubation and measured as percentage of inhibition 
in respect to controls (100% maximal activity), followed the order: M. galloprovincialis 
(79%)> E. siliqua (74%)> M. tuberculatus (67%)> P. martia (63%)> C. edule 
(56%)>B. brandaris (25%). In bivalves, a clear preference for butyrate-derived forms 
was confirmed with a greater inhibition of baseline CE activity achieved with these 
substrates as formerly described (Nos et al., 2020; Solé et al., 2018; Solé and Sanchez-
Hernandez, 2018). For the other invertebrate groups, substrate preference was not as 
clear (supplementary material S1); nonetheless, a compromise was reached to adopt 
pNPB in invertebrate measures as formerly suggested (Nos et al., 2020). 
As done with human CE recombinant isoforms, CE-related measures in 
invertebrates were contrasted in vitro to the selected chemicals of concern. In particular, 
eserine, TCS, TBBPA and TCPP were selected for species contrasts (Fig. 4) given they 
have been formerly reported to interact with human CEs and are likely going to affect 











largest CE inhibition in the crustacean species, with P. martia and M. tuberculatus 
showing 67% and 57% inhibition over controls (100%), respectively. This is in line 
with the high in vivo and in vitro sensitivity of crustaceans to pesticides (Antó et al., 
2009; Nunes, 2011). Among the bivalves, the cockle (C. edule) was more sensitive to in 
vitro CE inhibition than the mussel (M. galloprovincialis) with 41% and 23% inhibition 
of the control activities, respectively. TCS exposure (100 µM) in vitro affected mussel 
CEs causing a 72% inhibition of the activity, corroborating previous results (Solé and 
Sanchez-Hernandez, 2018), while its effects on crustaceans was more moderate albeit 
significant (≈ 20%). TCS is able to accumulate in bivalves and cause in vivo metabolic 
disturbances (Costa et al., 2020; Kookana et al., 2013; Matozzo et al., 2012; Pirone et 
al., 2019; Serra-Compte et al., 2018) but no inclusion of CE measures had been 
considered in these former studies. TCS toxicity was assessed in the marine decapod 
crustacean Palaemon varians using an avoidance test (Araujo et al., 2019) and in the 
marine gastropod Haliotis tuberculate through in vitro toxicity tests using gill cell 
cultures and hemocytes (Gaume et al., 2013). TBBPA was revealed as the chemical to 
exert the highest inhibitory potential in mussels (67%) and also in the crustaceans (M. 
tuberculatus by 48% and M. martia by 28% of their respective basal activities). The 
TBBPA high in vitro inhibitory potential was formerly described in mussels and other 
marine species including zooplankton crustacean (Nos et al., 2020). An inhibition of CE 
basal activities was also registered in the bivalve S. marginatus and the gastropod B. 
brandaris but due to the larger variability on the in vitro responses, statistical 
significance was not reached. The flame retardant TCPP did not induce the in vitro 
inhibition of CEs in any of the selected invertebrates although it selectively inhibited the 
human hCE2 form. The isoform composition in invertebrates has not yet been described 











simvastatin (acting on hCE1) and fenofibrate and/or loperamide incubations (acting on 
hCE2). However, no clear specific CE isoform composition could be deduced from any 
of the inhibitors in the S9 fraction of the selected invertebrates with any of the 4 assay 
substrates (Supplementary material Table S1). Despite the lower in vitro sensitivity 
using protein homogenate mixtures, the fact that many OPFRs are present and 
accumulate in marine organisms, including in the brain of marine mammals (Sala et al., 
2019), highlights the necessity of further studying this subject, at least, in the most 
sensitive marine species. In contrast to mammalians, invertebrate CEs were not clearly 
modulated by phthalates: activities fluctuated ± 10% of the controls and only a 
remarkable 33% inhibition of αNB-CE activity was revealed in the crustacean M. 
tuberculatus (supplementary data Table S1). In fact, it was in this portunid crustacean 
that this αNB-CE measure was the most sensitive one. Growing concern for plastics in 
the marine environment has revealed that microplastics (and consequently their additive 
components) are found in marine organisms such as molluscs (Abidli et al., 2019; Ben 
Ameur et al., 2020; Hermabessiere et al., 2019; Renzi et al., 2018) and crustaceans 
(Bordbar et al., 2018; Carreras-Colom et al., 2020; Carreras-Colom et al., 2018). 
Recently a study with the estuarine crustacean Artemia franciscana exposed to 
microplastics revealed that CE activity (using pNPA for the measurements) was 
inhibited (Varo et al., 2019). However, the authors were unable to relate if the toxicity 
was due to the polymer itself or to its additives. Since phthalates are metabolised by 
CEs (Ozaki et al, 2017) and the fact that some of their metabolites can be more toxic 
than the parental compound (e.g DEHP to MEHP), the study of the in vivo toxicity 
assessment in marine invertebrates requires investigation. Nevertheless, a relatively 
easy and fast first in vitro screening using hepatic homogenates of marine species based 











the general literature consensus on the use of pNPB in invertebrate species comparisons, 
the naphthyl-derived substrate (αNB) turned out to be more sensitive and revealed 
species particularities after in vitro inhibitions for some particular chemicals. That is, 
between the two crustaceans, M. tuberculatus was overall more responsive to the 
inhibitory action of the chemicals and there was an apparent lack of in vitro responses in 
the gastropod for most chemicals except TBBPA (Table S1). Moreover, CE measures 
with the other naphthyl substrate (αNA) revealed higher sensitivity in terms of 
inhibitory action due to simvastatin, fenofibrate, loperamide and triclosan incubations 
(100 µM) in the gastropod and the two selected crustaceans (supplementary material 
Table S1). This observation supports the need to test more than one substrate in CE 
measures in order to identify the most adequate one for each species.  
The correlation coefficient registered between the inhibitory action of the 12 
selected chemicals using the 4 substrates was also tested in invertebrates and it was seen 
as high and species dependent (Table S2). All correlations were significant (p<0.01) in 
M. galloprovincials (r = 0.736-0.948), C. edule (r = 0.897-0.971), B. brandaris (r = 
0.662-0.885) and P. martia (r = 0.867-0.991). These correlations were also significant 
in the case of the razor shell (S. marginatus) (r = 0.775-0.946) and in M. tuberculatus 
(r=0.628-0.912) but lower when including αNB or αNA, respectively, in the measures. 
This suggests the occurrence of several isoforms in the selected species, despite a high 














The in vitro approach used in this study, adopted from mammalian studies, confirmed 
the selectivity of certain drugs to modulate particular CE isoforms in humans, and 
confirmed its methodological suitability to be applied to other biological groups. 
Despite a lower responsiveness when using S9 fractions of hepatic organs of marine 
invertebrates we were still able to identify CE-related measures and the most sensitive 
substrate for each species. The substrate pNPA was confirmed as the most adequate for 
human recombinant CE isoforms whereas pNPB would be the best choice for the tested 
invertebrate species despite certain species-specific preferences. As a first screening 
test, this relatively fast throughput method using a battery of CE substrates highlights 
how these chemicals of high environmental concern may pose a threat to aquatic 
species. However, lower environmentally realistic concentrations should be tested for 
each particular chemical and species of interest. Since many of them accumulate in 
marine organisms, including some of commercial interest, concern for human health 
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Figure 1. Solubility and lipophilia characteristics of the twelve drugs tested in vitro. Full 
names as listed in Table 2. A negative relationship was seen between both parameters 
and a common drug concentration was adopted following mammalian in vitro studies. 
Log Kow and solubility from ChemSpider database 
 
 
Figure 2. Percentage (%) of residual CE activity (n=6 independent measures) of 
recombinant human carboxylesterases (hCE1 and hCE2) after in vitro inhibition with 
several chemicals of environmental concern at concentration of 10-4 M (full names in 
Table 2) in respect to controls (black line at 100%). All inhibitions >20% were 























Figure 3. Percentage (%) of residual CE activity (n=6 independent measures) of 
invertebrate S9 carboxylesterases using 4 commercial substrates after in vitro inhibition 
with the organophosphorus pesticide BNPP (concentration=10-4 M) in respect to control 




Figure 4. Percentage (%) of residual invertebrate pNPB-CE activity (n=6 independent 





























environmental concern: TCS, TBBPA and TCPP (in all cases, concentration=10-4 M) in 
respect to their respective controls (100%). Full names as in Table 2. * indicate 
















Table 1.Invertebrate species selected to perform baseline activity measures of 
carboxylesterases (CE) using 4 different substrates. Data are expressed as mean ± SD 
for size and mean ± SEM for activities in nmol/min/mg protein (n=10) for each species 
and measure. Statistical significant differences (p<0.05) are indicated as lower case 
letters for comparisons per each substrate among species and capital letters are 
comparisons among substrates for a given species. Biometric measures as indicated in 
1Dallarés et al 2018; 2Martín et al., 1995; 3 Carbonell and Abelló 1998; 4Abelló 1990. 
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Plesonika martia Golden 
shrimp 
20.8 























Table 2. List of the chemicals tested in vitro. Selection was based on Zou et al., (2018) 
for pesticides and pharmaceuticals and for plastic additives from Hermabessiere et al 
2017 and Ozaki et al 2017. FR = flame retardants..n.a data not available. 
 





























     
SIMV Simvastatin 79902
-63-9 






























































DnBP Dibutyl phthalate 84-74-
2 





Phthalate   
DEHP Dioctyl phthalate 117-
81-7 
Phthalate   
 
Jo
ur
na
l P
re
-p
ro
of
38 
 
 
 
Jo
ur
na
l P
re
-p
ro
of
